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Abstract 
0LFUR GDPDJH HYROXWLRQ LQ FKHPLFDO FRUURGHG OLPHVWRQH VDPSOHV VXEMHFWHG WR F\FOLF ORDGV LV
LQYHVWLJDWHGXVLQJ1XFOHDU0DJQHWLF5HVRQDQFH105V\VWHP%DVHGRQWKHH[SHULPHQWDOGDWDRI
0DJQHWLF5HVRQDQFH,PDJLQJ05,7YDOXHVDQGSRURVLW\WKHPLFURGDPDJHHYROXWLRQSURFHVVLV
YLVXDOL]HGDQGDQDO\]HG,WLVIRXQGWKDWthe porosity and micro cracking of the corroded limestone 
samples increase with the cyclic loading, and WKHPLFURGDPDJHHYROXWLRQSURFHVVFRQVLVWVRIWKUHH
GLVWLQFW VWDJHV PLFUR FUDFN HPHUJHQFH VWDJH PLFUR GDPDJH GHYHORSPHQW VWDJH DQG GDPDJH
GHYHORSPHQW DFFHOHUDWHG VWDJH &KHPLFDO HURVLRQ LV IRXQG WR KDYH D VLJQLILFDQW LQIOXHQFH RQ WKH
SURSDJDWLRQRIPLFURFUDFNVDQGDFFHOHUDWHWKHGDPDJHGHYHORSPHQWRIWKHOLPHVWRQHVDPSOHVXQGHU
F\FOLFORDGLQJWith the same number of load cycles, the chemical corroded samples always have 
lower peak strength than that of the water softened samples.%HIRUHWKHLQIOHFWLRQSRLQWLQWKHPLFUR
GDPDJHORDGLQJF\FOHVFXUYHWKHPDLQGDPDJHLVFDXVHGE\QHZPLFURFUDFNVLQFUHDVHLQVLGHWKH
OLPHVWRQHZKLOHDIWHUWKLVSRLQWWKHQHZPLFURFUDFNHPHUJHQFHLVEHLQJUHVWUDLQHGDQGWKHH[LVWHG
PLFURFUDFNVFRQQHFWLQWRUXSWXUHEDQGV$GDPDJHPRGHOLVILQDOO\SURSRVHGWRTXDQWLI\WKHGDPDJH
HYROXWLRQRIWKHFKHPLFDOFRUURGHGURFNVVXEMHFWHGWRF\FOLFORDGV 
.H\ZRUGV1XFOHDU0DJQHWLF5HVRQDQFH1057VSHFWUXPGLVWULEXWLRQ0LFURGDPDJH&KHPLFDO
HURVLRQ&\FOLFORDGLQJ 
,QWURGXFWLRQ 
8QGHUJURXQGFRQVWUXFWLRQH[FDYDWLRQVXFKDVWXQQHODQGQXFOHDUZDVWHGHSRVLWLRQHWFOHDGVWRWKH
F\FOLF ORDGV QHDU WKH H[FDYDWLRQ VXUIDFH DQG VXEVHTXHQW VWUHVVLQGXFHG LQVWDELOLWLHV > @ 7KH
LQVWDELOLW\DQGIDLOXUHRIHQJLQHHULQJURFNVLVFORVHO\UHODWHGWRWKHLQLWLDWLRQDQGSURSDJDWLRQRIPLFUR
FUDFNVWKDWDUHLQGXFHGE\F\FOLFORDGV>@3URSDJDWLRQRIPLFURFUDFNVLQVLGHURFNVLVGHWHUPLQHGE\
WKHH[WHUQDOORDGVDVZHOODVWKHVXUURXQGLQJHQYLURQPHQW(QJLQHHULQJURFNVDUHDOZD\VVXUURXQGHG
E\ ZDWHU ZKLFK LV D VLJQLILFDQW LQIOXHQWLDO IDFWRU IRU WKH PHFKDQLFDO FKDUDFWHULVWLFV RI URFNV E\
UHGXFLQJWKHLUVWUHQJWKDQGHYHQFDXVLQJJHRORJLFDOGLVDVWHUVGXULQJWKHH[FDYDWLRQSURFHVVHV >@
7KLVLVEHFDXVHWKDWWKHVXUURXQGLQJZDWHURIWHQFRQWDLQVFKHPLFDOLFRQV>@ZKLFKFDQUHDFWZLWK
WKH PLQHUDO LQVLGH WKH URFNV 7KHUHIRUH XQGHUVWDQGLQJ WKH PLFUR GDPDJH HYROXWLRQ RI FKHPLFDO
FRUURGHG HQJLQHHULQJ URFNVXQGHU F\FOLF ORDGLQJFRQGLWLRQV LV YLWDO LQRUGHU WR reduce the risk of 
causing potential engineering disasters during excavation 
2YHUWKHSDVWIHZ\HDUVFRQVLGHUDEOHHIIRUWVKDYHEHHQPDGHWRLQYHVWLJDWHWKHPHFKDQLFDOUHVSRQVH
RILQWDFWURFNVXQGHUF\FOLFORDGLQJ5HVXOWVKDYHVKRZQWKDWWKHIDWLJXHSURSHUWLHVRIURFNPDWHULDOV
DUH GHSHQGHQW RQ WKH PD[LPXP VWUHVV ORDGLQJ IUHTXHQF\ DQG DPSOLWXGH HWF  %DVHG RQ HQHUJ\
GLVVLSDWLRQ /LX HW DO >@ HVWDEOLVKHG GDPDJH HYROXWLRQ HTXDWLRQV IRU WZR W\SLFDO URFNV XVLQJ WKH
XQLD[LDOF\FOLFORDGLQJWHVWUHVXOWVDQGSURSRVHGDQHZGDPDJHFRQVWLWXWLYHPRGHOWRGHVFULEHWKH
EHKDYLRXURIURFNVXQGHUF\FOLFORDGLQJ7KHDPHQGHGGDPDJHFRQVWLWXWLYHPRGHOFDQGHVFULEHWKH
GHJUHHRIFRPSDFWQHVVRIURFNVDFFXUDWHO\6KD\HD>@UHSRUWHGWKDWWKHG\QDPLFHODVWLFPRGXOXVDQG
3RLVVRQ
VUDWLRLQFUHDVHGZLWKWKHFRQILQLQJSUHVVXUHDQGXQGHUF\FOLFORDGLQJWKHLUYDOXHVGXULQJ
XQORDGLQJZHUHVOLJKWO\KLJKHUWKDQWKRVHGXULQJORDGLQJ5D\HWDO>@FRQFOXGHGWKDWIDLOXUHVWUHQJWK
DQGHODVWLFPRGXOXVRI&KXQDUVDQGVWRQHVXEMHFWHG WRF\FOLFVWUHVVGHFUHDVHGZLWKWKHLQFUHDVHRI
VWUDLQ UDWH DQG WKH XQLD[LDO FRPSUHVVLYH VWUHQJWK GHFUHDVHG ZLWK WKH LQFUHDVH RI ORDGLQJ F\FOHV
<RVKLQDNDHWDO>@FRQGXFWHGF\FOLFORDGLQJWHVWVWRLQYHVWLJDWHWKHGHIRUPDWLRQEHKDYLRXURIWKH
VRIWURFNVLQFOXGLQJ.REHPXGVWRQHVDQGVWRQH2K\DWXIIDQG<RNRKDPDVLOWVWRQHDQGLQWURGXFHG
DSURFHGXUHIRUVWUDLQFRUUHFWLRQ<RXQJ
VPRGXOXVHVWLPDWLRQDQG\LHOGORFDWLRQ%DJGHDQG3HWURV
>@FRQGXFWHGF\FOLFORDGLQJWHVWVRQURFNVDPSOHVWRLQYHVWLJDWHWKHUHODWLRQVKLSEHWZHHQORDGLQJ
DPSOLWXGHDQGIUHTXHQF\DQGWKHIDWLJXHVWUHQJWKDQGGHIRUPDWLRQEHKDYLRXU,WZDVIRXQGWKDWIDWLJXH
VWUHQJWKRIWKHURFNXQGHUG\QDPLFF\FOLFORDGLQJLVLQIOXHQFHGE\WKHPLFURVWUXFWXUHRIWKHURFN
VDPSOHVWKH<RXQJ
VPRGXOXVGHFUHDVHVZKHQLQFUHDVLQJWKHF\FOLFORDGLQJIUHTXHQF\DQGDPSOLWXGH
DQGWKHUHLVQRREYLRXVUHODWLRQVKLSEHWZHHQWKHG\QDPLFHQHUJ\DQGWKHF\FOLFORDGLQJIUHTXHQF\
6XQ HW DO >@ FDUULHG RXW F\FOLF ORDGLQJ WHVWV DW PXOWLOHYHO DPSOLWXGHV RQ VDQGVWRQH VDPSOHV WR
LQYHVWLJDWHWKHGDPDJHHYROXWLRQODZRIWKH&KDERFKHDQGGHYHORSHGDPXOWLD[LDOIDWLJXHGDPDJH
PRGHOIRUGDPDJHDFFXPXODWLRQ 
0HDQZKLOHDIHZVWXGLHVLQYHVWLJDWHGWKHLQIOXHQFHRIHQYLURQPHQWVXFKDVF\FOLFWHPSHUDWXUHDQG
IUHH]LQJFRQGLWLRQV RQ WKHPHFKDQLFDO SURSHUWLHVRI URFNV /L HW DO >@ FRQGXFWHG F\FOLF ORDGLQJ
H[SHULPHQWVWRLQYHVWLJDWHWKHPHFKDQLFDOSURSHUWLHVRIDMRLQWHGURFNPDVVXQGHUIUHH]LQJDQGF\FOLF
ORDGLQJFRQGLWLRQVIRXQGWKDWWKHRULJLQDOVDPSOHVXVXDOO\KDYHDKLJKHUIDWLJXHVWUHQJWKWKDQWKH
IUR]HQDQGZDWHUVDWXUDWHGVDPSOHVDQGWKXVSURSRVHGDG\QDPLFIDWLJXHGDPDJHPRGHOIRUFUDFNHG
IUR]HQVDQGVWRQHV=KRXHWDO>@FRQGXFWHGF\FOLFXQLD[LDOVWUHVVWHPSHUDWXUHWHVWVRQEDVDOWURFN
VSHFLPHQVWRLQYHVWLJDWHWKHGHIRUPDWLRQFKDUDFWHULVWLFVRIWKHVDPSOHVVXEMHFWHGWRF\FOLFXQLD[LDO
VWUHVVDQGF\FOLFWHPSHUDWXUH5HVXOWVVKRZHGWKDWWKHSHDNVWUDLQRIGDPDJHGVSHFLPHQVXQGHUJRHV
LQLWLDOVWHDG\DQGDFFHOHUDWLRQVWDJHVWKH<RXQJʾVPRGXOXVGHFUHDVHVUDSLGO\LQWKHLQLWLDOF\FOHVEXW
WKHGHFOLQLQJUDWHGHFUHDVHVIXUWKHULQVXEVHTXHQWF\FOHV$GDPDJHPRGHOIRUURFNVVXEMHFWHGRQO\
WRF\FOLFWHPSHUDWXUHZDVDOVRSURSRVHG0DKPXWRJOX>@FRQGXFWHGVHYHUDOF\FOLFWHPSHUDWXUHWHVWV
RQ VDQGVWRQHV DQG IRXQG WKDW WKHUH LV DQ REYLRXV GHFUHDVH LQ WKH PHFKDQLFDO SURSHUWLHV RI WKH
VDQGVWRQHVDIWHUEHLQJWUHDWHGZLWKF\FOLFWHPSHUDWXUH 
0RVWVWXGLHVRIF\FOLFDOO\ORDGHGURFNVKDYHIRFXVHGRQWKHFKDQJHVRIPDFURPHFKDQLFDOSURSHUWLHV
+RZHYHUXQGHUWKHHIIHFWRIGLIIHUHQWH[WHUQDO ORDGLQJFRQGLWLRQVJUHDWFKDQJHVFRXOGWDNHSODFH
LQVLGHWKHURFNVXFKDVPLFURFUDFNLQJ>@ZKLFKWKHQFDXVHWKHPDFURPHFKDQLFDOGHJUDGDWLRQ
RIWKHURFN>@+RZHYHUH[SHULPHQWDOVWXGLHVRQFKHPLFDOFRUURGHGURFNVVXEMHFWHGWRF\FOLFORDGV
DUH UDUHO\ UHSRUWHG DQG WKH LQIOXHQFHRI F\FOLF ORDGLQJ FRXSOHGZLWK FKHPLFDO HURVLRQV RQPLFUR
GDPDJH HYROXWLRQ RI URFN VWLOO UHPDLQV XQFOHDU 7KH PLFURFUDFNLQJ LQVLGH WKH URFN FDQ EH
LQYHVWLJDWHGXVLQJFRPSXWHUL]HGWRPRJUDSK\&7WHFKQLTXH>@RU1XFOHDU0DJQHWLF5HVRQDQFH
1056\VWHP>@105KDVEHHQZLGHO\DSSOLHGLQPHGLFDOGLDJQRVLVJHRWHFKQLFDOHQJLQHHULQJ
DQG RLO DQG JDV H[SORUDWLRQ > @ ,W UHFHQWO\ VWDUWV WR EH XVHG LQ URFN HQJLQHHULQJ IRU LQWHUQDO
PLFURVWUXFWXUHLPDJLQJDQGFKDUDFWHUL]DWLRQ>@ 
,QWKLVVWXG\105DQGF\FOLFORDGLQJWHVWVDUHFDUULHGRXWWRLQYHVWLJDWHWKHPLFURGDPDJHHYROXWLRQ
RI FKHPLFDO FRUURGHG OLPHVWRQH VDPSOHV VXEMHFWHG WR F\FOLF ORDGV 7KURXJK WKH DQDO\VLV RI WKH
0DJQHWLF5HVRQDQFH,PDJLQJ05,DQG7YDOXHV WKHPLFURGDPDJHRIWKHOLPHVWRQHVKDVEHHQ
YLVXDOL]HGDQGFDOFXODWHGDQGWKHUHODWLRQVKLSEHWZHHQSHDNVWUHQJWKGHJUDGDWLRQDQGPLFURGDPDJH
LVLQYHVWLJDWHG$GDPDJHPRGHOIRUURFNVVXEMHFWHGWRF\FOLFORDGVFRXSOHGZLWKFKHPLFDOHURVLRQLV
HVWDEOLVKHG ZKLFK can be potentially used  for predicting rock strength in practical design of 
underground constructions, slops and dams and roads in water surrounded regions. 
5RFNVDPSOHVDQGH[SHULPHQWDOWHVWV 
6DPSOHSUHSDUDWLRQ 
7KHURFNVDPSOHVDUHOLPHVWRQHWDNHQIURP-LQ\XQ0RXQWDLQ7XQQHOLQ&KRQJTLQJ&KLQD7KH-LQ\XQ
0RXQWDLQ7XQQHOKDVWZRWXQQHOVHDFKZLWKDOHQJWKRINPDQGKDYHDPD[LPXPGHSWKRI
P /LPHVWRQH D FRPPRQ VHGLPHQWDU\ URFN LQ VRXWKZHVW &KLQD DQG LV WKH PDLQ URFN RI -LQ\XQ
0RXQWDLQLVVHOHFWHGDVWKHWHVWVDPSOHVLQWKLVH[SHULPHQW$OOWKHVDPSOHVDUHGULOOHGIURPDVLQJOH
EORFNZLWKRXWPDFURVFRSLFFUDFNVDQGPDFKLQHGDQG ILQHO\JURXQG LQWRF\OLQGULFDOVKDSHVZLWKD
OHQJWKRIPPDQGDGLDPHWHURIPPDVVKRZQLQ)LJXUH$FFRUGLQJWRWKH;UD\GLIIUDFWLRQ
;5'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 )LJXUH/LPHVWRQHVDPSOHV 
 
)LJXUH0LFURVFRSHLPDJHRIDOLPHVWRQHVDPSOH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&KHPLFDOVROXWLRQV 
$FFRUGLQJWRZDWHUVDPSOHDQDO\VLVWKHZDWHUVDPSOHVFROOHFWHGIURPWKH-LQ\XQWXQQHOFRQVWUXFWLRQ
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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7VSHFWUXPGLVWULEXWLRQDQG05,RIWKHVDPSOHV 
8QGHUWKHHIIHFWRIF\FOLFORDGVJUHDWFKDQJHVLQFOXGLQJWKHPLFURGDPDJHVFRXOGWDNHSODFHDWPLFUR
VFDOHZLWKLQURFNVZKLFKFDQFDXVHFKDQJHVRIWKHPDFURPHFKDQLFDOEHKDYLRUV,QDGGLWLRQZKHQ
FRXSOHG ZLWK FKHPLFDO HURVLRQ WKH UHODWLRQVKLS EHWZHHQ PLFUR GDPDJH DQG PDFUR PHFKDQLFDO
SURSHUWLHVRIWKHURFNVEHFRPHVPRUHFRPSOH[7RIXUWKHUH[SORUHWKHURFNGDPDJHHYROXWLRQ ODZ
XQGHUWKHF\FOLFORDGLQJ7VSHFWUXPGLVWULEXWLRQDQG05,ZKLFKLVWKHLQQHUVHFWLRQLPDJHVRIWKH
FKHPLFDOFRUURGHGVDPSOHV WUHDWHGZLWKF\FOLFORDGLQJMRI is taken only from the middle cross-
section of the sample, thus they are mainly used to visualize the damage evolution trend of the samples 
under different loading cycles.:KLOHthe T2 spectrum, which is obtained by testing the whole sample, 
can accurately reflect the microstructure changes in the whole sample after suffered different loading 
cycles and chemical erosion. 
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WKDQRWKHULPDJHVLQWKLVJURXSWKLVLVGXHWRthe heterogeneous distribution of the porosity inside the 
rock.$TXLWHVLJQLILFDQWLQFUHDVHRISRURVLW\RFFXUVEHWZHHQWKHWLPHVDQGWLPHVRIORDGF\FOHV
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IURPF\FOHVWRF\FOHV7KH7VSHFWUXPFXUYHLVUHODWHGWRWKHSRURVLW\DQGSRUHVL]HGLVWULEXWLRQ
RI WKH URFN LH WKHSRURVLW\ LQFUHDVHVZLWK WKH7VSHFWUXPDUHDDQG WKHSHDNSRLQWRI WKHFXUYH
LQFUHDVHVZKHQWKHSRUHVL]HLQFUHDVH7KH7VSHFWUXPFXUYHVIRUOLPHVWRQHVDPSOHLQWKLVWHVWKDYH
WKUHHSHDNV7KHOHIWDQGWKHPLGGOHSHDNVLQGLFDWHWKHVPDOOSRUHVDQGWKHULJKWRQHLQGLFDWHVELJJHU
SRUHV:LWKPRUHORDGF\FOHVWKH7VSHFWUXPFXUYHKDVVKRZQKLJKHUSHDNVDQGFKDQJHVLQFXUYH
VKDSHZKLFKPHDQVWKHUHDUHFKDQJHVLQSRURVLW\ 
$IHZREVHUYDWLRQVFDQEHPDGHIURPWKHWHVWUHVXOWVDIWHUF\FOLFORDGLQJWKHDUHDXQGHUWKH7
VSHFWUXPFXUYHVRI WKH OLPHVWRQHVDPSOHVKDYH ODUJHO\FKDQJHG LQGLFDWLQJVLJQLILFDQWFKDQJHVRI
PLFURVWUXFWXUHRIWKHOLPHVWRQHVDPSOHV)URP)LJDQG)LJRIWKHHYROXWLRQRIGDPDJHLQ
WKHOLPHVWRQHVDPSOHVWDNLQJVDPSOHVFRUURGHGE\S+VROXWLRQDVDQH[DPSOHVXEMHFWHGWRF\FOLF
ORDGVVKRZWKUHHGLVWLQFWLYHVWDJHVPLFURFUDFNHPHUJHQFHVWDJHPLFURGDPDJHGHYHORSPHQWVWDJH
DQGGDPDJHDFFHOHUDWLRQVWDJH,QWKHPLFURFUDFNHPHUJHQFHVWDJHWKHUHLVDVOLJKWLQFUHDVHRIWKH
ILUVWSHDNRI WKH7VSHFWUXPFXUYHZKLFKPHDQV WKHUHDUHQHZO\HPHUJHGVPDOOSRUHV LQVLGH WKH
OLPHVWRQH VDPSOHV $IWHU  WR  F\FOHV WKH OLPHVWRQH VDPSOH HQWHUV LQWR WKH PLFUR GDPDJH
GHYHORSPHQWVWDJHZKHUHWKHILUVWDQGWKHVHFRQGSHDNVRIWKH7VSHFWUXPFXUYHLQFUHDVHJUHDWO\
ZKLFKLQGLFDWHVWKHVLJQLILFDQWLQFUHDVHRISRURVLW\GXHWRWKHHPHUJHQF\RIQHZSRUHVDVZHOODVWKH
FRQYHUJHQFHRIH[LVWLQJSRUHV7KLVLVWKHQIROORZHGE\WKHGDPDJHDFFHOHUDWLRQVWDJHZKLFKOHDGVWR
UXSWXUH,QWKLVVWDJHWKHILUVWDQGVHFRQGSHDNGHFUHDVHZKLOHWKHWKLUGSHDNLQFUHDVHVVLJQLILFDQWO\
LQGLFDWLQJWKHLQLWLDWLRQRIQHZPLFURFUDFNVLVFRQVWUDLQHGDQGWKHLQWHUQDOFUDFNVRIWKHVSHFLPHQ
DUHJUDGXDOO\FRQYHUJHGDQGLQWHUFRQQHFWHGWRIRUPDVKHDUEDQGWRFDXVHWKHIDLOXUH&RPSDUHG
WRZDWHUVRIWRQHVWKHFKHPLFDOFRUURGHGOLPHVWRQHVDPSOHVDUHPRUHVHQVLWLYHWRWKHF\FOLFORDGLQJ
WKH7VSHFWUXPDUHDDQGSHDNSRLQWJURZWKRIWKHVDPSOHVFRUURGHGE\S+VROXWLRQDUHPRUHIDVWHU
DQGREYLRXVWKDQWKHZDWHUFRUURGHGRQHVWKDWLQGLFDWHVWKHSRURVLW\DQGPLFURFUDFNLQJLQFUHDVHRI
WKHFKHPLFDOFRUURGHGVDPSOHVDUHIDVWHUWKDQWKDWLQGLVWLOOHGZDWHU 
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)LJ3RURVLW\LQFUHPHQWUDWHYVQXPEHURIORDGLQJF\FOHV 
,WFDQEHIRXQGWKDWWKHSRURVLW\RIWKHOLPHVWRQHVDPSOHVLQFUHDVHZLWKWKHLQFUHDVLQJORDGLQJF\FOHV
ZKLFK PHDQV WKH PLFUR GDPDJH RI WKH VDPSOHV LQFUHDVH FRQWLQXRXVO\7KH SRURVLW\ LQFUHPHQW RI
OLPHVWRQHVDPSOHVFRUURGHGE\S+VROXWLRQDUHDOZD\VJUHDWHUWKDQWKDWLQRWKHUS+YDOXHVVROXWLRQ
DQG GHYHORS IDVWHU WKDQ RWKHU JURXS RI VDPSOHV 'XH WR the chemical ions exchange between the 
solution and the rock [23], there is a slight increase of porosity of the samples corroded by pH7 
solution, and the porosity growth is higher than that in distilled water, which SRURVLW\LQFUHPHQWLV
VPDOOHVWDPRQJDOOWKHVDPSOHJURXSV. 
'DPDJHPRGHORIFRUURGHGOLPHVWRQHXQGHUF\FOLFORDGLQJ 
'DPDJHLQGXFHGE\F\FOLFORDGLQJDQGFKHPLFDOHURVLRQ 
'DPDJHOHDGVWRWKHFKDQJHVRIPHFKDQLFDOSURSHUWLHVRIURFNVHJWKHHODVWLFPRGXOXVKDUGQHVV
VWUHQJWK DQG VWUDLQ HWF > @ ,Q RUGHU WR TXDQWLI\ WKH LQIOXHQFH RI GDPDJH RQ WKH PHFKDQLFDO
SURSHUWLHVRIURFNXVXDOO\DGDPDJHYDULDEOHPXVWEHGHILQHGDQGDIDWLJXHFXPXODWLYHGDPDJHPRGHO
PXVWEHHVWDEOLVKHG7KHPHWKRGVWRGHILQHWKHGDPDJHYDULDEOHYDU\DQGWKHGDPDJHYDULDEOHFRXOG
EHHODVWLFPRGXOXVHQHUJ\GLVVLSDWLRQPD[LPXPVWUDLQUHVLGXDOVWUDLQRUXOWUDVRQLFZDYHYHORFLW\
HWF>@1RPDWWHUZKDWNLQGRIYDULDEOHLVXVHGWKHGDPDJHHYROXWLRQODZPXVWEHFRQVLVWHQWZLWK
WKHLQLWLDWLRQDQGSURSDJDWLRQRIPLFURFUDFNVDQGDUHDVRQDEOHGDPDJHYDULDEOHPXVWPHHWIRXUEDVLF
UHTXLUHPHQWV  LW KDV D GLVWLQFW SK\VLFDO PHDQLQJ  LW FDQ EH PHDVXUHG HDVLO\ DQG DSSOLHG
FRQYHQLHQWO\LQHQJLQHHULQJLWVHYROXWLRQODZFRLQFLGHVZHOOZLWKWKHDFWXDOGHJUDGDWLRQSURFHVV
RIPDWHULDOLWFDQWDNHWKHLQLWLDOGDPDJHLQWRDFFRXQW>@ 
,QWKLVSDSHUSRURVLW\LVVHOHFWHGDVWKHNH\SDUDPHWHUWRIRUPWKHGDPDJHYDULDEOH'ZKLFKLVWHVWHG
DQGREWDLQHGE\XVLQJ105V\VWHP$GDPDJHPRGHOLVWKHQGHYHORSHGXVLQJVXFKGDPDJHYDULDEOH
7KHPLFURGDPDJHYDULDEOHFDQEHFDOFXODWHGDV>@ ܦ ൌ ௏ି௏ವ௏ ൌ ௡ି௡బଵି௡బ 
:KHUH'LVWKHGDPDJHYDULDEOH݊଴LVWKHSRURVLW\RIWKHLQWDFWVDPSOHDQG݊LVWKHSRURVLW\RIWKH
VDPSOHDIWHUVXIIHUHGH[WHUQDOGDPDJHVXFKDVFKHPLFDOHURVLRQRUORDGV7KHZKROHGDPDJHLQGXFHG
E\ FKHPLFDO HURVLRQ FRXSOHG F\FOLF ORDGV LV DVVXPHG WR H[LVW VLPXOWDQHRXVO\ DQG LQGHSHQGHQWO\
ZKLFKFDQEHH[SUHVVHGDV ܦ ൌ ܦ௖ ൅ ܦ௠ ൅ ݖܦ௖ܦ௠ 
:KHUH'LVWKHZKROHGDPDJHRIWKHWHVWURFNܦ௖LVWKHYDULDEOHRIFKHPLFDOHURVLRQGDPDJHܦ௠LV
WKHPHFKDQLFDOGDPDJHYDULDEOHLQGXFHGE\F\FOLFORDGVݖLVWKHFRXSOHGGDPDJHYDULDEOHDQGܦ௖ܦ௠
LVWKHFRXSOHGGDPDJHLQGXFHGE\F\FOLFORDGVDQGFKHPLFDOHURVLRQ 
The damage of the rock induced by cyclic loads can be divided into low-cycle fatigue and high-cycle 
fatigue. Low-cycle fatigue means the rock can withstand less than 104 time of cyclic loads, while 
high-cycle fatigue means the rock can withstand over 104 time of cyclic loads, and there is no obvious 
plastic deformation or macro cracks occurs [18]. According to NMR and mechanical test results, the 
limestone in belongs to low-cycle fatigue ones. Thus, the damage development rate can be expressed 
as [39]: ܦᇱ ൌ ሺ௒ொሻ௤݌                                        (3) 
Where Y is the energy dissipation rate, p is the cumulative plastic strain rate, and q and Q are 
parameters. 
D is the whole damage of the limestone samples in the one-dimensional condition, and the free energy 
density function, ׎, can be expressed as follows: ׎ ൌ ఙమଶ௣ாሺଵି஽ሻ ൅ ܭ                                    (4) 
Where ı is the axial stress, p is the mass density, and K is an item unrelated to the rock damage. The 
energy dissipation rate for the damage can be expressed as follows: ܻ ൌ െ݌ డ׎డ஽ ൌ ଵଶா ሺ ఙଵି஽ሻଶ 
When the rock is loaded, the equation for micro-plastic strain rate is as follows[40]: ߝᇱ ൌ ݌ ൌ ݂ ఙ೑షభఙᇲி೑ሺଵି஽ሻ೑ሺడఙሻೌே೎ 
Where F is loads, ߪᇱ is stress rate, N is the cycle times, f, a, c are parameters.  
Based on formula (3), (5), (6), the following formula can be obtained as follows: ܦᇱ ൌ ఙ್షభఙᇲ஻ሺଵି஽ሻ್ሺడఙሻೌே೎ 
:KHUHDDQG%DUHparameters, and b=f+2q, B = (2EQ)qFf/ f. 
The damage rate ܦᇱ  is assumed to be small and approximately constant in each fatigue cycle. 
Moreover, the stress unloading is not considered to cause rock damage. Thus, when Eq. (12) is 
integrated into a complete stress loading and unloading cycle, the damage factor induced by cyclic 
loads can be expressed as follows: డ஽డே ൌ ʹ׬ ఙ್షభఙᇲ஻ሺଵି஽ሻ್ሺడఙሻೌே೎ ൌ ʹ ఙ೘ೌೣ್ ିఙ೘೔೙್௕஻ሺଵି஽ሻ್ሺడఙሻೌே೎ఙ೘ೌೣఙ೘೔೙       (8) 
Where ߪ௠௔௫  and ߪ௠௜௡  is the maximum load and minimum load during the whole cyclic loading 
process.  
)RUWKHURFNXQGHUF\FOLFORDGLQJWKHERXQGDU\FRQGLWLRQFDQEH 
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(TKDVWKHVDPHH[SUHVVLRQDVWKHGDPDJHPRGHOVSURSRVHGE\/LHWDO>@ 
7KHOLPHVWRQHVDPSOHVLQWKLVWHVWDUHPDLQO\FRPSRVHGRIFDOFVSDUZKLFKFDQHDVLO\UHDFWZLWKDFLG
LRQVHJ+UHVXOWLQJDQLQFUHDVHRIWKHSRURVLW\7KHIROORZLQJUHDFWLRQVDUHOLNHO\WRRFFXULQDQ
DFLGLFVROXWLRQ ܥܽܥܱଷ ൅ ʹܪା ՜ ܥܽଶା ൅ ܪଶܱ ൅ ܥܱଶ ՛                 
7KHUHDFWLRQVRIWKHFDOFVSDUFDQEHH[SUHVVHGDVIROORZV>@ ܴܽݐ݁ ൌ ܣ݇ሺȳ௠ െ ͳሻ௡ ȳ ൌ ூ஺௉௄  
Where Rate is the reaction rate of the calcspar, A is the reaction area of the sample, k is the chemical 
reaction rate parameter, K is the corresponding equilibrium constant, ߗ is the solution saturation 
index, m and n are parameters, and IAP is the is the normalized saturation ratio. It is found that the 
effect of IAP on the overall behaviour of the chemical reaction system was relatively small, although 
the same is not true for changes in the formulation of the growth rate [40]. 
7KHGHQVLW\RIWKHFDOFVSDULQVLGHWKHOLPHVWRQHVDPSOHFDQEHH[SUHVVHGDV డሺଵିఝሻ௣೗డ௧ ൌ െ׏ሺ݌௟߮ݒሻ ൅ ݌௖ ௖ܸܴܽݐ݁                          (13) 
The porosity increment caused by chemical erosion can be expressed as follows: డ௡೎డ௧ ൌ ݎ ௖ܸܴܽݐ݁                                                          (14) 
Where r is the chemical reaction equivalent parameter, Vc is the molar volume of the calcspar, t is 
the erosion time. Therefore, from equation (1) and (13), the micro damage due to chemical erosion 
can be calculated by: ܦ௖ ൌ ௡೟ି௡బଵି௡బ ൌ ୬ౙଵି୬బ 
Where nt is the porosity of the sample after chemical erosion, ݊଴LVWKHSRURVLW\RIWKHLQWDFWVDPSOH. 
Combining equations (1), (9) and (14), the micro damage of limestone induced by cyclic loads 
coupled with chemical erosion can be expressed as: 
ܦ ൌ ܦ௖ ൅ ܦ௠ ൅ ݖܦ௖ܦ௠ ൌ ͳ െ ቂͳ െ ሺ ேேಷሻଵି௖ቃ భ್శభ ൅ ݎܸܿݐܴܽݐ݁ଵି୬బ ൅ ݖ ݎܸܿݐܴܽݐ݁ଵି୬బ ሺͳ െ ቂͳ െ ሺ ேேಷሻଵି௖ቃ భ್శభሻ 
According to [42], the parameters of the fatigue damage model, Equation (16) can be obtained by 
fitting with data of samples immersed in pH3 values solution, and are shown in Table 2.  
7DEOH3DUDPHWHUVIRUWKHSURSRVHGPRGHO 
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'DPDJHPRGHO 
&RQVLGHULQJWKHGDPDJHGSDUWQRWVXEMHFWHGWRH[WHUQDOORDGVDQGWKHLQWDFWSDUWVXEMHFWHGWRH[WHUQDO
ORDGV5DERWQRY>@SURSRVHGDGDPDJHPRGHOLQWHUPVRIGDPDJHYDULDEOH' ߪ௔ ൌ ߪ௜ሺͳ െ ܦሻ 
:KHUHߪ௔LVWKHDSSDUHQWVWUHVVDQGߪ௜LVWKHVWUHVVRIWKHLQWDFWSDUW7KLVPRGHOZLOOEHXVHGDVWKH
EDVHGGDPDJHPRGHOLQWKLVVWXG\ 
7KHVWUHVV±VWUDLQUHODWLRQVKLSRIWKHLQWDFWSDUWDJUHHVZLWK+RRNH¶VODZ,QWULD[LDOVWUHVVSDWKV ߪ௜ଵ ൌ ܧߝ௜ଵ ൅ ʹݒߪ௜ଷ 
:KHUHߪ௜ଵǡ ߪ௜ଵLVWKHPD[LPXPVWUHVVDQGWKHPLQLPXPVWUHVVRIWKHURFNVUHVSHFWLYHO\ߝ௜ଵLVWKHD[LDO
VWUDLQ(LVWKHHODVWLFPRGXOXVYLVWKH3RLVVRQUDWLR 
$QGWKHDSSDUHQWVWUDLQLQWKHGDPDJHGSDUWDQGWKHVWUDLQLQWKHLQWDFWSDUWDUHLQDFFRUGDQFHZLWK
/HPDLWUHHTXLYDOHQWVWUDLQWKHRU\DVIROORZV ߝ௜ ൌ ߝ௔ 
:KHUHߝ௜LVWKHLQWDFWVWUDLQDQGߝ௔LVWKHDSSDUHQWVWUDLQ 
)URP(TXDWLRQZHFDQKDYH ߪଵ ൌ ሺͳ െ ܦሻܧߝଵ ൅ ʹݒߪଷ 
:KHQߪଷ ൌ Ͳ(TXDWLRQFDQEHXVHGIRUXQLD[LDOFRQGLWLRQ 
'LVFXVVLRQV 
5HODWLRQVKLSEHWZHHQPLFURGDPDJHDQGSHDNVWUHQJWKGHJUDGDWLRQ 
$IWHUF\FOLFORDGLQJWKHFKHPLFDOFRUURGHGDQGWKHZDWHUVRIWVDPSOHVDUHWHVWHGE\5RFNWHVW
V\VWHPXQGHUFRPSUHVVLRQXQWLOFRPSOHWHO\UXSWXUHG7KHSHDNVWUHQJWKRIWKHFRUURGHGVDPSOHVDIWHU
WUHDWHG ZLWK GLIIHUHQW QXPEHUV RI F\FOLF ORDGV LV VKRZQ LQ 7DEOH  7KH VWUHVV±VWUDLQ FXUYHV RI
OLPHVWRQH VDPSOHV DIWHU GLIIHUHQW ORDGLQJ F\FOHV DUH VKRZQ LQ )LJ  D E DQG F $WWHQWLRQ LV
IRFXVHG RQ VDPSOHV FRUURGHG E\ S+ VROXWLRQ EHFDXVH WKHUH LV PRUH VLJQLILFDQW GHJUDGDWLRQ RI
PHFKDQLFDO SURSHUWLHV RFFXUULQJ LQ WKLV VDPSOH JURXS 7KH VWUHVV±VWUDLQ FXUYHV RI WKH ZDWHU VRIW
VDPSOHDUHSORWWHGLQ)LJGHDQGIIRUFRPSDULVRQV 
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I 
)LJ6WUHVV±VWUDLQFXUYHVRIOLPHVWRQHVDPSOHVXQGHUFRPSUHVVLRQ 
7DEOH3HDNVWUHQJWKRIWKHFRUURGHGVDPSOHVDIWHUF\FOLFORDGVXQLW03D 
6DPSOHV¶
VROXWLRQ 
2ULJLQDO
SHDN
VWUHQJWK 
3HDNVWUHQJWKDIWHUQXPEHURIORDGF\FOHV 
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3HDNVWUHQJWKRIWKHOLPHVWRQHFDQEHTXDQWLILHGE\DVWUHQJWKGHJUDGDWLRQSDUDPHWHU6'3ZKLFK
FDQEHGHILQHGDVWKHIROORZLQJ ܵܦܲ ൌ ఙ೔ିఙ೏ఙ೔  
:KHUHߪ௜LV WKHRULJLQDOSHDNVWUHQJWKZKLFKEHORQJVWR WKHLQWDFW OLPHVWRQHVDPSOHDQGߪௗLV WKH
SHDNVWUHQJWKRIWKHGDPDJHGVDPSOH 
)LJ VKRZV WKH UHODWLRQVKLS EHWZHHQ PLFUR GDPDJH DQG 6'3 RI OLPHVWRQH VDPSOHV DIWHU F\FOLF
ORDGLQJDQGWKHFRUUHVSRQGLQJPLFURGDPDJHUDWHVLVFDOFXODWHGDQGVKRZQLQ7DEOH 
7DEOH0LFURGDPDJHUDWHVRIWKHFRUURGHGVDPSOHVDIWHUF\FOLFORDGVXQLW03D 
0LFURGDPDJHUDWHVDIWHUQXPEHURIORDGF\FOHV 
6DPSOHV¶
VROXWLRQ 
2ULJLQDO
PLFUR
GDPDJH 
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)LJ6WUHQJWKGHJUDGDWLRQYVGDPDJHUDWH 
7KHREVHUYDWLRQIURP)LJ)LJ7DEOHDQG7DEOHLVWKDW6'3LQFUHDVHVZLWKWKHLQFUHDVLQJ
PLFURGDPDJHUDWHXQWLOLWLVDSSUR[LPDWHO\PRUHWKDQDWZKLFKSRLQWURFNVKRXOGEHEURNHQ
7KHFKHPLFDOVROXWLRQVKDYHDQLPSDFWRQPLFURVWUXFWXUHRIOLPHVWRQHDVZHOODVWKHPHFKDQLFDO
SURSHUWLHVDQGWKHF\FOLFIDWLJXHDIIHFWVWKHPHFKDQLFDOSURSHUWLHVPRUHVHULRXVO\IRUWKHFKHPLFDO
FRUURGHGVDPSOHVZLWKWKHVDPHQXPEHURIORDGLQJF\FOHVWKHSHDNVWUHQJWKRIWKHFKHPLFDOFRUURGHG
VDPSOHVLVGHJUDGHGPXFKPRUHVLJQLILFDQWO\WKDQWKDWRIWKHZDWHUVRIWRQHV 
7KLVLVEHFDXVHWKDWWKHFKHPLFDOVROXWLRQVVXFKDV1D62LQIOXHQFHWKHPHFKDQLFDOSURSHUWLHVRI
URFN LQ WZR PDLQ ZD\V >@  WKH FKHPLFDO LFRQV UHDFW ZLWK WKH PLQHUDO VXEVWDQFH LQVLGH WKH
OLPHVWRQHVDPSOHVZHDNWKHEULGJLQJERQGVEHWZHHQWKHURFNHOHPHQWVRUFORVHWRFUDFNWLSVWKXV
GHFUHDVHWKHVWUHQJWKRIWKHURFNDQGIDFLOLWDWHPLFURFUDFNJURZWKDQGFRQYHUJHQFHDWUHODWLYHORZHU
VWUHVVOHYHOVWKDQZRXOGRWKHUZLVHEHWKHFDVH8QGHUF\FOLFORDGLQJWKHVWUHVVHVDUHFRQWLQXRXVO\
UHGLVWULEXWHGLQWKHURFNDQGWKHIUDFWXUHWRXJKQHVVGHFUHDVHVDOORZLQJPRUHVXEFULWLFDOFUDFNWRJURZ
ZKLFKFRQVHTXHQWO\OHDGVWRVWUHVVFRUURVLRQDQGPHFKDQLFDOSURSHUWLHVGHJUDGDWLRQ0RUHRYHUWKH
FKHPLFDOHURVLRQZHDNHQVWKHVWUXFWXUHDQGFHPHQWLQJFDSDELOLW\RIWKHOLPHVWRQHVDPSOHVWKHUHIRUH
PLFURIODZVRUFUDFNVZRXOGSURSDJDWHDQGJURZTXLFNO\XQGHUF\FOLFORDGLQJ 
0LFURGDPDJHHYROXWLRQODZ 
 
)LJ0LFURGDPDJHYVQXPEHURIORDGLQJF\FOHV 
7KHGDPDJHUDWHHYROXWLRQODZRIDOOWKHVDPSOHVLVVKRZQLQ)LJ$VLWLVWDONHGLQ&KDSWHU
WKHUHDUHWKUHHGDPDJHHYROXWLRQVWDJHVRIWKHFRUURGHGVDPSOHWUHDWHGZLWKF\FOLFORDGVPLFURFUDFN
HPHUJHQFHVWDJHPLFURGDPDJHGHYHORSPHQWVWDJHDQGGDPDJHDFFHOHUDWLRQVWDJH7KHVHVWDJHVDUH
DOVRSORWWHGLQ)LJ 
&RPELQHGZLWK105WHVWUHVXOWV)LJDQG)LJLWFDQEHIRXQGWKDW:KHQWKHORDGLQJF\FOHLV
ORZ WDNLQJ VDPSOHV FRUURGHG E\ S+ VROXWLRQ DV DQ H[DPSOH DURXQG  F\FOHV WKH GDPDJH
HYROXWLRQFXUYHLVREYLRXVO\FRQYH[7KHQWKHPLFURGDPDJHULVHVWHDGLO\ZLWKWKHLQFUHDVLQJORDGLQJ
F\FOHV$IWHUORDGLQJF\FOHVWKHGDPDJHHYROXWLRQFXUYHEHFRPHVFRQFDYH7KHLQIOHFWLRQSRLQW
LQWKHPLFURGDPDJHORDGLQJF\FOHVFXUYHLVSORWWHGVHH)LJ 
7KH LQIOHFWLRQSRLQW LQ WKHPLFURGDPDJHORDGLQJF\FOHVFXUYH LVD WXUQLQJSRLQWRI WKHPLFUR
GDPDJHHYROXWLRQSURFHVVEHIRUHWKLVSRLQWWKHPDLQFKDQJHRIWKH7VSHFWUXPFXUYHVWDNHVSODFH
LQWKHILUVWDQGVHFRQGSHDNVZKLFKLQGLFDWHVWKHPLFURGDPDJHRIOLPHVWRQHLQWKLVVWDJHLVFDXVHG
E\VKDUSLQFUHDVHLQQXPEHUDQGVL]HRIPLFURFUDFNV:KLOHDIWHUWKLVSRLQWWKHWKLUGSHDNRIWKH7
VSHFWUXPFXUYHLQFUHDVHVUDSLGO\ZKLFKLQGLFDWHVWKHPLFURFUDFNVLQFUHDVLQJLVUHVWUDLQHGWKHPLFUR
GDPDJHRIOLPHVWRQHLVFDXVHGE\PLFURFUDFNFRQQHFWLRQ 
7KHLQIOHFWLRQSRLQWLQWKHGDPDJHFXUYHRIWKHFKHPLFDOFRUURGHGVDPSOHRIWHQHPHUJHLQORZHU
ORDGLQJF\FOHVFRPSDUHGWRRWKHUVVRWKDWWKHXOWLPDWHORDGLQJF\FOHVXQWLOWKHVDPSOHUXSWXUHRI
WKHFKHPLFDOFRUURGHGVDPSOHVLVVKRUWHUWKDQZDWHUVRIWRQHV7KLVLVEHFDXVHDIWHUFKHPLFDOHURVLRQ
WKHURFNVWUXFWXUHRIOLPHVWRQHVDPSOHVEHFRPHVVRIWHUWKDWDFFHOHUDWHVWKHFRQYHUJHQFHRIWKHPLFUR
FUDFNDVZHOODVWKHUXSWXUHVWDJHDQGPDNHVWKHGDPDJHHYROXWLRQSURFHVVEHFRPHIDVWHU 
 
&RQFOXVLRQV 
In this study NMR technique has been used to investigate the micro damage evolution of limestone 
under chemical erosion coupled with cyclic loading. Based on the experimental results, some 
conclusions can be drawn as below: 
(1) By using NMR system, T2 spectrum curves and MRI of porosity are obtained. The micro damage 
of the chemical corroded rock under cyclic loading is visualized. The results shed a light to better 
understanding of micro damage evolution law and the microscopic mechanical behaviour of the 
sedimentary rocks, limestone, via a non-destructive approach.  
(2) According to MRI and T2 spectrum curves, the porosity and micro cracking of the corroded 
limestone samples increase with the cyclic loading, and the micro damage development process has 
shown three stages: micro crack compaction and emergence stage, micro damages development stage 
and damage develop accelerated stage. 
(3) There is a close relationship between chemical erosion and the micro damage developments: 
PLFURGDPDJHZKLFKLQFOXGHV the SRURVLW\DQGPLFURFUDFNLQJ of the chemical corroded samples 
under cyclic loading often develop faster than the water softened ones. The damage development 
stage of the chemical corroded samples often shorter and less obvious compared to the water soft 
ones. 
(4) 7KH LQIOHFWLRQSRLQW LQ WKHPLFURGDPDJHORDGLQJF\FOHVFXUYH LVD WXUQLQJSRLQWRI WKHPLFUR
GDPDJHHYROXWLRQSURFHVVEHIRUHWKLVSRLQWWKHPDLQGDPDJHRIWKHFRUURGHGVDPSOHXQGHUF\FOLF
ORDGVLVFDXVHGE\QHZPLFURFUDFNVLQFUHDVHLQVLGHWKHOLPHVWRQHZKLOHDIWHUWKLVSRLQW WKHQHZ
PLFURFUDFNHPHUJHQFHLVEHLQJUHVWUDLQHGDQGWKHH[LVWHGPLFURFUDFNVFRQQHFWLQWRUXSWXUHERQG 
(5) After cyclic loading, the chemical corroded samples always have lower peak strength compared 
with the water soft ones.  
(6) Based on experimental data, a micro damage model is established to qualify the damage evolution 
for the chemical corroded limestone under cyclic loading. The proposed damage model will be useful 
for predicting rock strength in the design of underground constructions, slops and dams and roads in 
water surrounded regions. 
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